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The stress-responsive p38 MAPK, when activated by
genotoxic stresses such as UV radiation, enhances p53
activity by phosphorylation and leads to cell cycle
arrest or apoptosis. Here we report that a member of
the protein phosphatase type 2C family, Wipl, has a
role in down-regulating p38-p53 signaling during the
recovery phase of the damaged cells. Wip1 was origin-
ally identified as a gene whose expression is induced
following 7y or UV radiation in a p53-dependent man-
ner. We found that Wipl is also inducible by other
environmental stresses, such as anisomycin, H,O, and
methyl methane sulfonate. UV-induction of Wipl
requires p38 activity in addition to the wild-type p53.
Wipl selectively inactivates p38 by specific dephos-
phorylation of its conserved threonine residue.
Furthermore, Wip1 expression attenuates UV-induced
p53 phosphorylation at Ser33 and Ser46, residues pre-
viously reported to be phosphorylated by p38. Wipl
expression also suppresses both p53-mediated tran-
scription and apoptosis in response to UV radiation.
These results suggest that p53-dependent expression
of Wipl mediates a negative feedback regulation of
p38-p53 signaling and contributes to suppression of
the UV-induced apoptosis.
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Introduction

Eukaryotic cells respond to DNA damage by activating
signal transduction pathways that lead to cell cycle arrest,
DNA repair and/or apoptosis. These choices can maximize
cellular survival while minimizing the chance of carcino-
genesis. One prominent event in the early responses
induced by DNA damage is the activation of the stress
responsive p38 and JNK MAPK (mitogen-activated
protein kinase) cascades (Kyriakis and Avruch, 1996),
and another is the activation of the tumor suppressor p53
(Ko and Prives, 1996).

The central core of each MAPK pathway is conserved in
all eukaryotic cells, from yeast and plants to mammals,
and consists of three protein kinases that are commonly
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referred to as MAPK, MAPK kinase (MAPKK) and
MAPKK kinase (MAPKKK) (Marshall, 1994). An acti-
vated MAPKKK phosphorylates and activates a specific
MAPKK, which in turn activates its cognate MAPK
through phosphorylation of conserved threonine and
tyrosine residues. In mammalian cells, at least three
distinct MAPK cascades have been identified. While the
prototypic MAPKs, ERKSs, are activated by mitogenic
stimuli, two other types of MAPKs, p38 and JNK, are
activated by environmental stresses such as y-radiation,
UV radiation, DNA damaging reagents, osmotic shock and
oxidant stresses (Waskiewicz and Cooper, 1995; Kyriakis
and Avruch, 1996; Ip and Davis, 1998). Persistent
activation of p38/JNK, especially in the absence of
mitogenic stimuli, has been shown to induce apoptosis
(Chen et al., 1996). Inhibition of p38 and/or JNK
activation, either by genetic inactivation, the use of
dominant inhibitory mutants or by treatment with their
specific inhibitors, confers resistance to cell death induced
by diverse stimuli including DNA damage (Zanke et al.,
1996; Yang et al., 1997; Tournier et al., 2000).

The tumor suppressor p53 plays a central role in
preserving genomic integrity by arresting cell cycle
progression or inducing apoptosis after DNA damage
and certain other cellular stresses (Levine, 1997). In
response to DNA damage, the p53 protein is transiently
stabilized and accumulates in the nucleus. DNA damage
also activates p53 as a transcription factor, which induces
the transcription of several genes, including WAFI, Bax,
GADD45 and MDM2 (Gottlieb and Oren, 1996). Both
stabilization and functional activation of the p53 protein
are regulated by post-transcriptional modifications such as
phosphorylation and acetylation (Gu and Roeder, 1997;
Giaccia and Kastan, 1998). Phosphorylation at several
different serine and threonine residues in p53 occurs after
cells are exposed to DNA damaging agents including UV
radiation. Several protein kinases are reported to phos-
phorylate p53, including ATM kinase, ATR kinase, DNA-
PK, cyclin dependent kinases, cdk-activating kinase and
Chk1/Chk2 (reviewed in Meek, 1998; Prives and Hall,
1999; Caspari, 2000).

In addition to these kinases, p38 MAPK has recently
been shown to be a prominent activator of p53 in
response to UV radiation (Bulavin et al., 1999; Huang
et al., 1999; Keller et al., 1999) and certain anticancer
drugs (Sanchez-Prieto er al., 2000). It has been reported
that p38 is physically associated with p53 in vivo,
and directly phosphorylates p53 on Ser33 and
Ser46. Phosphorylation of p53 by p38 at these two sites
is crucial for the subsequent p53 phosphorylation at other
N-terminal residues including Ser37. Furthermore, UV-
induced phosphorylation of p53 by p38 is associated with
both activation of p53-mediated transcription and p53-
dependent apoptosis (Bulavin ez al., 1999). These studies
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thus indicate that the p38 and p53 cascades cooperate to
induce apoptosis in cells exposed to UV. Despite their
importance, however, the regulatory mechanism(s) of
these two signaling cascades is incompletely understood.
In particular, it still remains to be elucidated how p53 and
p38 are negatively regulated in the process of cellular
recovery from DNA damage. Since both p38 and p53 are
activated by phosphorylation, protein phosphatases are
likely to play a key role in down-regulation of UV-induced
p38-p53 signaling.

The protein phosphatase Wip1 was initially identified as
a gene whose expression is induced in response to y or UV
radiation in a p53-dependent manner (Fiscella er al.,
1997). Wipl is a nuclear protein and a member of the
serine/threonine specific protein phosphatase type 2C
(PP2C) family. Interestingly, induction of Wipl was
observed only in cells with an intact p53, suggesting that
the Wipl gene is a potential downstream target of p53.
However, the roles of the Wipl phosphatase in DNA
damage-induced responses remain obscure.

In this study, we demonstrate that not only DNA
damage but also other environmental stresses induce the
expression of Wipl mRNA, and that UV-induced Wipl
expression is dependent on both p38 MAPK activity and
the wild-type p53 gene. Furthermore, in vivo and in vitro
studies indicate that Wipl selectively dephosphorylates
and inactivates p38 in the nucleus, but not JNK, ERK or
MAPKKSs. The inhibition of p38 by Wip1 attenuates UV-
induced phosphorylation of p53 at Ser33 and Ser46,
resulting in suppression of p53-mediated transcription and
apoptosis. We propose that the pS53-inducible protein
phosphatase Wipl mediates a negative feedback regula-
tion of p38 MAPK-p53 signaling in response to UV
radiation.

Results

Wip1 mRNA is inducible by various stresses, and
UV induction of Wip1 is regulated by p53 and the
p38 MAPK

Initially, we performed northern blot analyses of Wipl
gene expression under various stress conditions. The
expression of Wipl mRNA is known to be induced by y or
UV radiation, but the effects of other environmental
stresses have not been examined. For this analysis, we
used the p53-intact A549 lung carcinoma cells because
radiation-mediated induction of Wipl is p53 dependent.
Consistent with previous reports (Fiscella et al., 1997),
expression of Wipl mRNA was highly inducible by y and
UV radiation in A549 cells (Figure 1A). In addition, we
found that Wipl mRNA was also induced by other stress
stimuli including methyl methane sulfonate (MMS),
anisomycin and H,O,, whereas high osmolarity had little
inducing potential (Figure 1B). Similar results were
observed in ML-1, a p53-positive human myeloid
leukaemia cell line (data not shown). Thus, Wipl mRNA
is inducible not only by y or UV radiation but also by a
certain subset of environmental stresses.

In order to test whether the stress-mediated induction of
Wipl also depends on the wild-type p53, we analyzed
Wipl mRNA levels in HI1299, a p53-null lung adeno-
carcinoma cell line. In H1299 cells, Wipl was not
significantly induced in response to UV radiation

6518

Stimulation _=_ _y-ray = uv

time(h) 0 1 4 0 1 4 81218

Wip1 .. """'..

Stimulation = MMS Aniso Hi't'..'lI Osmo
time(hr) 0 1 4 1 4 14 1 4

wipt SRR E e

c D
UV = + Stimulation = MMS Aniso HO,
time(hr) 0 12 time(hr) 0 1 4 1 4 1 4

wipt e ’... Ll

Fig. 1. Northern blot analysis of Wipl expression. (A and B) Induction
of Wipl mRNA in the p53-positive A549 cells was monitored by
northern blot analysis following: (A) y-ray (20 Gly) or UV (30 J/m?)
radiation, or (B) various stress conditions as described in Materials and
methods. (C and D) Absence of Wipl mRNA induction in the p53-
deficient H1299 cells following (C) UV (30 J/m?) radiation or

(D) various stress conditions as indicated. Ethidium bromide (EtBr)-
stained gels of the same samples are shown at the bottom to indicate
the amounts of RNA.

B

(Figure 1C), MMS and H,O, (Figure 1D). However,
apparent Wipl induction was observed when H1299 cells
were stimulated with anisomycin (Figure 1D). These
findings suggest that transcription of the Wipl gene is
regulated by both p53-dependent and -independent
mechanisms depending on individual stress stimuli.

Since previous studies have reported that p38 MAPK
has a pivotal role in UV-induced p53 activation (Bulavin
et al., 1999; Huang et al., 1999; Keller et al., 1999), we
examined whether the p38 activity is required for the
induction of Wipl by UV radiation, using the specific
inhibitor of p38, SB203580 (Hazzalin et al., 1996). A549
cells were exposed to UV in the presence of various
concentrations of SB203580. As shown in Figure 2A, the
p38 inhibitor significantly reduced the expression of Wipl
mRNA in a dose-dependent manner. The inhibition of p38
by SB203580 was confirmed by monitoring the activity of
the endogenous MAPKAP-kinase2 in an in vitro kinase
assay (Figure 2B). Because MAPKAP-K2 is directly
phosphorylated and activated by p38 in response to UV
radiation, MAPKAP-K2 activity reflects UV-induced
activation of p38 (Eyers et al., 1999).

It was demonstrated that, unlike UV radiation,
v-radiation-mediated p53 phosphorylation and transcrip-
tion is not inhibited by SB203580 (Bulavin et al., 1999;
Sanchez-Prieto et al., 2000). If so, SB203580 should not
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Fig. 2. Effect of the p38-specific inhibitor SB203580 on Wipl mRNA
induction. (A) Inhibition of Wipl mRNA induction by SB203580. The
inhibitor was added to A549 cells at the concentrations indicated (0, 5,
10 or 20 uM) 1 h before exposure to 30 J/m? UV radiation, and total
RNA was prepared 12 h later. The fold induction of Wipl mRNA was
determined by densitometry from three independent experiments and
is indicated below each lane. Error bars indicate standard error of

the mean. (B) Inhibition of UV-induced MAPKAP-K2 activity by
SB203580. A549 cells were treated with SB203580 1 h before
irradiation with UV (30 J/m?), and extracts were prepared 1 h later.
Endogenous MAPKAP-K2 was immunoprecipitated, and its kinase
activity was assessed in an in vitro kinase assay using Hsp25 as a
substrate. (C) SB203580 has little effect on 1y radiation-induced Wipl
expression. A549 cells were exposed to y-ray (20 Gly) in the presence
or absence of SB203580, and total RNA was prepared 4 h later.

affect +y-radiation-induced Wipl expression. Consistent
with this prediction, SB203580 did not significantly
reduce the levels of Wipl mRNA induced by 7y-radiation
(Figure 2C). Thus, the inhibition of UV-induced Wipl
expression by SB203580 is not a non-specific effect of the
drug. These data strongly suggest that both p53 and p38
are prerequisite for expression of Wipl in response to UV
radiation, and support the notion that UV-induced acti-
vation of p53 is, at least partly, mediated by p38.

Wip1 selectively inhibits p38 activation in
response to environmental stresses

We tested whether expression of Wipl has any effect on
activation of the stress-responsive p38 and JNK MAPK
cascades or on the mitogen-activated ERK MAPK
cascade. COS-7 cells were transfected with various
amounts of the Wipl cDNA expression plasmid together
with a constant amount of the epitope-tagged MAPK
constructs, Flag-p38, HA-JNK1 or HA-ERK2. Trans-
fected cells were stimulated with either UV radiation or

Wip1 inhibits activation of p38 MAPK and p53
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Fig. 3. Selective inhibition of the p38 MAPK pathway by Wipl in vivo.
(A) Wipl selectively inhibits the p38 MAPK cascade. COS-7 cells
were co-transfected with 0.1 ug of expression plasmids encoding
Flag—p38, HA-JNK1 or HA-ERK?2, with increasing amounts of the
pWipl expression vector as indicated. The total amount of transfected
DNA was kept constant by including appropriate amounts of the empty
vector pcDNA3. Transfected cells were serum starved for 12 h and
stimulated either with UV (60 J/m? followed by a 1 h incubation at
37°C) or with PMA (100 nM for 20 min). The activities of the epitope-
tagged MAPKs were measured in immunocomplex kinase assays using
specific exogenous substrates (GST-ATF2, GST—jun or MBP). The
expression levels of the MAPKs in cell lysates were monitored by
immunoblotting. These experiments were repeated at least three times
with similar results. (B) Wip1 inhibits the activation of the p38
pathway caused by distinct stimuli. COS-7 cells were transfected with
0.3 pg/plate of either pWipl (+) or the empty vector pcDNA3 (-),
together with Flag-p38 or HA-JNK1 expression plasmid (0.1 ug).
After 24 h, the cells were treated with MMS (100 pg/ml for 3 h),
anisomycin (10 pg/ml for 30 min), sorbitol (0.4 M for 20 min) or left
untreated (—). The activities and expression levels of Flag—p38 and
HA-JINK1 were measured as described in (A). (C) Kinetics of p38
activation in response to UV radiation. A549 cells were treated with
UV (30 J/m?) and cell extracts were prepared at various points in

time as indicated. The phosphorylation status of endogenous p38

was analyzed by immunoblotting using antibodies specific to
phosphorylated p38 (upper panel). The levels of p38 in cell lysates
were indicated (lower panel).

with mitogen, phorbol-12-myristate-13-acetate (PMA).
The tagged MAPKs were immunoprecipitated and their
kinase activities were determined in an in vitro kinase
assay using specific substrates (GST-ATF2 for p38,
GST—jun for JNK1 and MBP for ERK2). As shown in
Figure 3A, activation of the p38 induced by UV radiation
was suppressed in a dose-dependent manner by increasing
amounts of the Wipl expression plasmid. In clear contrast,
Wipl did not have any inhibitory effect on activation of
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Fig. 4. Wip1 inhibits nuclear accumulation of activated p38 kinase. HeLa cells were transfected with 0.4 ug of an expression plasmid encoding
Flag-Wip1. One hour after treatment with UV (60 J/m?), the cells were fixed and stained as follows: (A) Flag-Wip1 was detected with the anti-Flag
M2 antibody (red). Some cells are unstained because they do not express the Flag—-Wip1 protein. (B) The activated endogenous p38 MAPK was
detected by the anti-phospho-specific p38 antisera (green). Cells transfected with Wipl are indicated by arrows. (C) Flag—Wip1 and activated p38

MAPK are shown simultaneously.

JNKI1 and ERK2. We then examined whether Wipl also
inhibits activation of the p38 pathway by any other stress
stimuli. As shown in Figure 3B, expression of Wipl
inhibited stimulation of the p38 pathway by anisomycin,
sorbitol and MMS, whereas activation of the INK pathway
was not inhibited by Wipl under any of the conditions
used. Thus, the expression of Wipl selectively inhibits
activation of the p38 pathway irrespective of the inducing
agent, but not that of the JNK or ERK pathways.

In order to explore roles of Wipl in regulating p38
activity after UV radiation, we examined the kinetics of
p38 activation in UV-irradiated A549 cells using anti-
phospho-p38 immunoblot analysis. As shown in Figure 3C,
p38 was rapidly phosphorylated in response to UV
radiation (within 1 h), but p38 phosphorylation was
apparently attenuated at 8 h post-treatment. A decline in
p38 activity roughly coincided with Wipl mRNA expres-
sion, consistent with the notion that Wipl plays a role in
down-regulation of p38.

Effect of Wip1 on nuclear accumulation of the
activated p38 MAPK

Members of the MAPK family are translocated to the
nucleus upon activation (Su and Karin, 1996). Thus, we
examined whether Wipl can influence the cellular
localization of p38. In these experiments, HelLa or
COS-7 cells were transiently transfected with an expres-
sion plasmid encoding Flag-tagged Wip1. Cells were then
treated with UV radiation and stained with phospho-
specific p38 antibodies to monitor the subcellular local-
ization of the endogenous activated p38 protein. The
transfected cells that express Flag—Wipl were specifically
detected by indirect-immunofluorescent staining using the
anti-Flag antibody M2. As reported previously (Fiscella
et al., 1997), Flag—Wip1 was exclusively expressed in the
nucleus in HeLa cells (Figure 4A) and Cos-7 cells (data
not shown). Essentially the same result was obtained when
the green fluorescent protein (GFP)-Wipl fusion protein
was used (data not shown). In response to UV radiation,
the activated p38 was primarily localized in the nucleus
(Figure 4B). Nuclear accumulation of the activated p38,
however, was strongly attenuated in the cells that express
the Flag—Wip1 protein (Figure 4B, arrows).
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Wip1 interacts with, and inactivates p38 MAPK

in vivo

In principle, Wip1 could inhibit the p38 pathway either by
directly inactivating p38 or by inactivating upstream
kinase(s). To determine the target(s) of Wipl in vivo, we
tested whether Wipl can specifically inhibit the p38
MAPK or its upstream kinases, such as MAPKKs. To test
the effect of Wipl expression on the activity of MAPKKs,
COS-7 cells were co-transfected with a Wipl expression
plasmid together with the GST-tagged MAPKK con-
structs, GST-MKK6, GST-SEK1 or GST-MEKI.
Together, these MAPKKSs represent the three major
MAP kinase pathways (i.e. the p38, JNK and ERK
pathways) (Waskiewicz and Cooper, 1995; Kyriakis and
Avruch, 1996). After stimulation of the transfected cells
with either UV radiation (in the cases of MKK6 and
SEK1) or PMA (for MEK1), the phosphorylation status of
the GST-MAPKKSs was probed with antibodies specific to
the phosphorylated form of each MAPKK. Expression of
Wipl did not significantly dephosphorylate any of the
MAPKKs (Figure 5A). Thus, while Wipl strongly
suppressed p38 activation in vivo, no significant inactiv-
ation of its direct activator, MKK6, was observed,
suggesting that Wipl inhibits neither the MKK6
MAPKK nor its more upstream elements.

The MKK6DD mutant, in which the two activating
phosphorylation sites are replaced by aspartate residues, is
constitutively active independent of phosphorylation
(Takekawa et al., 1998). Using this constitutively active
MKK6 mutant, we examined further whether Wipl
directly inactivates p38 in vivo. To test whether Wipl
inhibits the activation of p38 by the constitutively active
MKK6DD, COS-7 cells were co-transfected with the
MKK6DD and p38 expression plasmids with or without
the Wipl expression plasmid. As seen in Figure 5B, co-
expression of Wipl suppressed MKK6DD-induced p38
activity. Because this suppression of p38 activation cannot
be attributed to reduced MKK6DD activity, it is concluded
that Wipl directly affects the activity of p38, most likely
through dephosphorylation of the activated p38.

We then tested whether Wipl forms a specific physical
complex with p38. For this purpose, Flag-tagged Wip1 and
HA-tagged p38 were co-expressed in COS-7 cells, and
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Fig. 5. Direct inactivation of the p38 MAPK by Wipl in vivo. (A) Wipl
does not inhibit any MAPKK tested in vivo. COS-7 cells were
transfected with 0.1 pg/plate of expression plasmids encoding
GST-MKKG6, GST-SEK1 or GST-MEKI1, together with the indicated
amounts of pWipl. After 18 h, the cells were serum starved for an
additional 12 h and then stimulated with UV or PMA. The
phosphorylation status of the affinity-purified GST-MAPKKSs

was analyzed by immunoblotting using antibodies specific to
phosphorylated MKK6, SEK1 or MEK1. The expression level of each
GST-MAPKK was also monitored using an anti-GST antibody.

(B) Wipl inhibits p38 activation induced by a constitutively active
MKKG6 mutant in vivo. COS-7 cells were co-transfected with Flag—p38
(0.1 pg/plate), MKK6DD (0.07 pg/plate) and Wipl (0.2 or 0.4 ng/
plate) expression plasmids as indicated. After 24 h, the kinase activity
and the expression level of Flag—p38 were determined as described in
Figure 2. The fold activation of kinase activity was determined by
densitometrical quantitation and is indicated below each lane. (C) Co-
immunoprecipitation of p38 and Wip1 expressed in vivo. COS-7 cells
were transfected with 0.2 pg/plate of an expression plasmid encoding
HA-p38, together with 0.2 pg of an expression plasmid encoding Flag-
tagged Wipl or vector control (pcDNAI-Flag). Cells were harvested
before (—) or 1 h after (+) treatment with UV radiation. Flag-Wip1 was
immunoprecipitated, and the presence of HA—p38 in the precipitates
was detected by anti-HA antibody 12CAS5 immunoblotting (top panel).
The levels of HA—p38 (middle panel) and Flag-Wip1 (lower panel) in
the total lysates are shown.

Flag—Wipl was immunoprecipitated before or after UV
radiation. Immunoprecipitates were then probed with an
anti-HA antibody to detect co-precipitated HA—p38. As
shown in Figure 5C, HA-p38 was associated with
Flag-Wipl only after UV radiation, suggesting that
Wipl preferentially binds phosphorylated p38 with high
affinity. Together, these findings indicate that Wipl
selectively inactivates the p38 pathway at the level of
MAPK.

Wip1 inhibits activation of p38 MAPK and p53
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Fig. 6. In vitro dephosphorylation of the p38 MAPK by Wipl. (A) p38
can serve as a direct substrate of Wipl. Activated MAPKs were
isolated from UV- or PMA-treated COS-7 cells and incubated with the
indicated concentrations of purified GST-Wipl in the presence or
absence of Mg?*. Residual kinase activities were assessed in an in vitro
kinase assay using specific substrates (GST-ATF2 for p38, GST—jun
for JNK1, MBP for ERK2). (B) Threonine-specific dephosphorylation
of p38 by Wipl in vitro. Phosphorylated GST—p38 was affinity-purified
from UV-treated COS-7 cells and incubated with purified GST-Wipl
in the presence or absence of Mg2*. The phosphorylation state of
GST-p38 was examined by immunoblotting with either anti-phospho-
p38 antibodies (upper panel) or anti-phosphotyrosine antibody 4G10
(lower panel).

Wip1 dephosphorylates the p38 MAPK at a
threonine residue in vitro
We then examined whether p38 can serve as a direct
substrate for the Wipl phosphatase using an in vitro
phosphatase assay. Initially, we tested whether purified
GST-Wipl can inactivate MAPKSs (p38, INK1 and ERK?2)
in vitro, since MAPK activity reflects their phosphoryl-
ation status. In order to prepare phosphorylated MAPKSs,
COS-7 cells were transfected with HA—p38, HA-JNKI1 or
HA-ERK?2 expression plasmids, and stimulated with UV
radiation (in the case of p38 and JNK1) or PMA (for
ERK?2). The activated HA-MAPKSs were immunopurified,
and incubated with GST-Wipl1 in vitro in the presence or
absence of Mg?* because, like other PP2C enzymes, Wipl
requires Mg? or Mn?* for its activity (Fiscella er al.,
1997). After incubation, the remaining kinase activities
were measured in vitro using specific substrates. As seen
in Figure 6A, Wipl1 efficiently inactivated p38 in a Mg2*-
dependent manner. In contrast, INK1 and ERK?2 activities
were resistant to the action of the Wipl phosphatase.
These results are consistent with the in vivo results
demonstrating that Wipl directly dephosphorylates p38
with a high specificity.

MAPK activity is dependent on phosphorylation at both
a threonine and a tyrosine residue (Anderson et al., 1990;
Gomez and Cohen, 1991). Because dephosphorylation of
either site alone is sufficient to inactivate MAPKSs, the
inactivation of p38 by Wipl could be mediated by
dephosphorylation of either the threonine or the tyrosine
residue. To determine which residue on the p38 is
dephosphorylated by Wipl, we used anti-dual phospho-
p38 and anti-phosphotyrosine antibodies in an immuno-
blot analysis. Dual-phosphorylated GST—p38 reacted with
both antibodies as anticipated (Figure 6B, left lane). After
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incubation with GST-Wipl in vitro, however, GST-p38
only reacted with the anti-phosphotyrosine antibody,
indicating that the Wipl phosphatase dephosphorylated
p38 at the threonine residue, but not at tyrosine. Thus,
these data strongly suggest that Wipl dephosphorylates
p38 at the essential threonine residue.

Wip1 expression down-regulates phosphorylation
of the p53 tumor suppressor protein in response
to UV radiation

It has been reported recently that p38 directly phosphoryl-
ates and thereby functionally activates the tumor suppres-
sor p53 protein at Ser33 and Ser46 after exposure of cells
to UV (Bulavin et al., 1999). Because the expression of
Wipl inhibited UV-induced activation of p38, we sought
to determine whether Wipl expression also leads to
inhibition of the p53 activity. Initially, COS-7 cells were
transfected with the Wipl cDNA expression plasmid
together with the Flag-tagged p38 construct, and stimu-
lated with UV radiation. p38 activity in immunoprecipit-
ates was then assayed in vitro with GST—p53, instead of
GST-ATF2, as a substrate. Consistent with our result
shown in Figure 3A, co-expression of Wipl strongly
inhibits phosphorylation of GST-p53 by p38 (Figure 7A).

Next, we analyzed the effect of Wipl on UV-induced
phosphorylation of p53 at Ser33, Ser46 and Ser392
using site- and phosphorylation-specific antibodies; these
residues were previously reported to be phosphorylated
after UV radiation (Lu et al., 1998). p53-null H1299 cells
were transiently co-transfected with a plasmid carrying
wild-type human p53 together with the Wipl expression
plasmid or an empty plasmid pcDNA3. As shown in
Figure 7B, co-expression of Wipl significantly reduced
UV-induced phosphorylation of p53 at Ser33 and Ser46,
but not at Ser392.

The Wipl phosphatase may suppress p53 phosphoryl-
ation in vivo, either directly by dephosphorylating p53 or
indirectly by inhibiting the p38 pathway. To distinguish
these possibilities, we examined the ability of Wipl to
dephosphorylate p53. The phosphorylated p53 was
immunopurified from UV-irradiated H1299 cells trans-
fected with the p53 expression vector, and incubated
in vitro with GST-Wipl. The phosphorylation status of
p53 was then monitored by immunoblotting using the
phospho-specific antibodies. GST-Wipl did not dephos-
phorylate p53 at either Ser33 or at Serd6 in vitro
(Figure 7C). Thus, it is likely that Wipl indirectly
attenuates UV-induced phosphorylation of p53 on Ser33
and Ser46.

We found that phosphorylation of p53 at Ser33 and
Ser46 occurred within 4 h of UV treatment of A549 cells,
reaching a maximum at 8—12 h (Figure 7D), almost at the
same time as Wipl induction (Figure 1A), and then
decreased. Next, we analyzed the effect of p38 inhibitor
SB203580 on p53 phosphorylation at Ser33 and Ser46 in
UV-treated A549 cells. Phosphorylation of p53 on Ser33
was shown to be suppressed by treatment of the cells with
SB203580 (Bulavin et al., 1999; Sanchez-Prieto et al.,
2000). However, the effects of SB203580 on UV-induced
p53 phosphorylation on Ser46 have not been examined. As
shown in Figure 7E, SB203580 significantly reduced p53
phosphorylation on Ser33, whereas the inhibitor had little
effect on UV-induced p53 phosphorylation at Ser46 (see
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Fig. 7. Wipl inhibits phosphorylation of p53 induced by UV radiation.
(A) In vitro phosphorylation of p53 by p38. COS-7 cells were
cotransfected with 0.1 pg of the expression plasmid encoding
Flag—p38, with 0.3 ug of the empty vector or the pWipl expression
vector. Transfected cells were stimulated with UV, and kinase activity
of Flag—p38 was assayed in an immunocomplex kinase assay as in
Figure 3A, except that GST—p53 was used as a substrate. (B) Wipl
blocks phosphorylation of p53 at Ser33 and Ser46 induced by UV
radiation. The p53-deficient H1299 cells were transiently transfected
with 0.1 ug of an expression vector encoding wild-type p53, together
with 0.3 pg of either the pWipl expression vector or the empty vector
pcDNA3 (Vector). After 18 h, cells were either treated with UV

(25 J/m?) (+) or left untreated (). Seven hours after UV treatment,
cell extracts were prepared and analyzed for p53 phosphorylation

by immunoblot analysis using anti-p53 antibodies specific for
phosphorylation at Ser33, Ser46 or Ser392 as indicated. The levels of
p53 expression in the samples were monitored using a p53-specific
mAb, DO-1. (C) Wipl does not dephosphorylate p53 at Ser33 and
Ser46 in vitro. Phosphorylated p53 was immunopurified from UV-
treated H1299 cells transfected with wild-type p53 expression vector.
Following incubation with purified GST-Wipl, in the presence or
absence of Mg?*, the phosphorylation state of p53 was examined by
immunoblotting using antibodies specific for the phosphorylated Ser33
or Ser46 sites of p53. (D) Time-course of p53 phosphorylation at Ser33
and Ser46 in A549 cells. Phosphorylation status of p53 was determined
in cell extracts from A549 cells treated with UV (30 J/m?) by
immunoblotting using antibodies specific for p5S3 Ser33 (upper panel)
and Ser46 (middle panel) phosphorylation sites, respectively. The
levels of pS3 expression in the samples were indicated (lower panel).
(E) Effect of SB203580 on p53 phosphorylation at Ser33 and Ser46 in
response to UV radiation. p38-specific inhibitor SB203580 were added
to A549 cells 1 h before irradiation with UV (30 J/m?), and extracts
were prepared 12 h later. Endogenous wt-p53 was analyzed for
phosphorylation by immunoblotting as in (D). The amount of p53 in
cell lysates was indicated (lower panel).

Discussion). Taken together with our results that Wipl
expression inhibited p38 activation and p53 phosphoryl-
ation, these data suggest that p38 participates in the
phosphorylation of p53, at least on Ser33, in response to



UV radiation, and that Wip1 reduces p53 phosphorylation,
probably through inhibition of p38.

Wip1 expression reduced p53-mediated
transcription and apoptosis in response

to UV radiation

Next, we asked whether Wipl expression affects p53-
mediated transcription and apoptosis after UV induction,
because p53 phosphorylation on Ser33 or Ser46 is known
to be essential for functional activation of p53 (Bulavin
et al., 1999; Oda et al., 2000; Sanchez-Prieto et al., 2000).
To generate a negative control for the following experi-
ments, we first constructed a catalytically inactive Wipl
mutant by altering the conserved Asp314 to an Ala,
because a corresponding substitution mutation in murine
PP2CP inactivated its phosphatase activity (Hanada et al.,
1998). Indeed, expression of the Wipl1(D/A) mutant did
not inhibit the activation of p38 in vivo under the same
conditions whereby expression of the wild-type Wipl
robustly blocked p38 activation (Figure 8A).

Initially, to ascertain a role of Wipl in p53-dependent
transcription, a luciferase reporter plasmid driven by the
pS3-responsive element pGL-pS3RE was co-transfected
with either an empty vector (pcDNA3), wild-type Wipl
(pWipl) or mutant Wipl [pWipl(D/A)] into MCF7
cells, which harbor the wild-type p53. A CMV-driven
[B-galactosidase construct was utilized as an internal
control for normalization of luciferase activities. Seven
hours after exposure to UV light, cells were harvested for
luciferase assays. As shown in Figure 8B, UV radiation
stimulated the p53-dependent luciferase activity only
when the empty vector was present. In contrast, expression
of the wild-type Wip1 resulted in a marked decrease in the
UV-induced luciferase activity. This inhibitory effect of
Wipl is dependent on its phosphatase activity, because
expression of a catalytically inactive mutant Wip1(D/A)
did not significantly suppress the p53-dependent luciferase
activity. Similar results were also observed when another
p53-positive cell, A549, was used (data not shown).

To examine the role of Wip1 in regulating p53-mediated
apoptosis, A549 cells were transiently transfected with
expression plasmids for GFP-Wipl or GFP-Wipl1(D/A)
fusion protein. GFP allows for specific detection of
transfected cells by its green fluorescence. Twelve hours
after treatment of the cells with UV radiation, we
examined cell death as determined from nuclear mor-
phology after 4’-6-diamidine-2-phenylindole (DAPI)
staining. UV-induced apoptosis was significantly reduced
by expression of GFP-Wipl, compared with cells
transfected with the control GFP vector or the catalytically
inactive Wip1(D/A) expression vector (Figure 8C). These
data indicate that Wipl may play an important role in the
negative regulation of p53-mediated apoptosis as well as
p53-dependent transcription in response to UV radiation.

Discussion

The activity of MAPK reflects a balance between the
upstream activating kinases and inactivating protein
phosphatases. Since phosphorylation at both a specific
threonine and a specific tyrosine residue is required for
MAPK activity, MAPK inactivation can be achieved
by either dual-specificity phosphatases, tyrosine-specific
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Fig. 8. Wip1 prevents p53-mediated transcription and apoptotic cell
death after exposure to UV radiation. (A) p38 activation is inhibited by
the wild-type Wipl phosphatase, but not by the catalytically inactive
Wipl(D/A) mutant. COS-7 cells were co-transfected with 0.1 pg/plate
of the Flag—p38 plasmid and 0.3 pg of an expression plasmid encoding
Wipl or Wipl1(D/A), or their vector control pcDNA3 (Vector). After
24 h, the transfected cells were treated with UV (60 J/m?), and p38
activity was assayed as in Figure 3. The level of Flag—p38 in the total
extracts is shown in the lower panel. (B) Suppression of p53-mediated
transcription by Wipl. MCF7 cells, which express intact p53, were
transiently co-transfected with a p5S3-luciferase reporter plasmid pGL3-
p53RE (0.1 pg) and pCMV B-galactosidase expression vector (0.07 pug),
with 0.3 g of either the control pcDNA3 (Vector), the pWipl
expression vector or the pWip1(D/A) expression vector. After 18 h, the
cells were treated with UV (25 J/m?) (+) or left untreated (-). Seven
hours after irradiation, luciferase activity was determined. The data
represents the average fold-induction of luciferase activity from three
independent experiments, in which each assay was performed in
duplicate. Error bars indicate standard errors of the mean. (C) Wipl
prevents p53-mediated apoptotic cell death induced by exposure to UV
radiation. A549 cells were transfected with either the pGFP expression
vector, pGFP-Wip1 or pGFP-Wip1(D/A). Eighteen hours after
transfection, the transfected cells were treated with UV (15 J/m?) or
left untreated (None). Sixteen hours after UV treatment, the cells

were fixed and their nuclei were stained with DAPI. The fraction of
apoptotic cells was determined by dividing the number of GFP-positive
cells that exhibit apoptotic morphology (round cell shape with
condensed nucleus) by the total number of GFP-positive cells. At least
500 GFP-positive cells from five randomly chosen fields were counted.
The averages of three independent experiments are shown.

phosphatases (PTPases) or serine/threonine-specific
protein phosphatases. Both dual-specificity phosphatases
and PTPases were shown to inactivate various members of
the MAPK family (reviewed in Keyse, 2000). Among the
Ser/Thr-specific protein phosphatases, the type 2A protein
phosphatase (PP2A) was shown to dephosphorylate and
inactivate ERKI1/ERK2 MAPKs and MEKI1/MEK2
MAPKKSs (Gomez and Cohen, 1991; Alessi et al., 1995).

6523



M.Takekawa et al.

In addition to these phosphatases, recent work has
shown that another type of Ser/Thr specific phosphatase,
namely the type 2C protein phosphatases (PP2C),
down-regulates the stress-responsive MAPK pathways in
budding yeast, fission yeast, plants and mammals (Maeda
et al., 1994; Shiozaki et al., 1995; Hanada et al., 1998;
Meskiene et al., 1998; Takekawa et al., 1998). In human
cells, PP2Ca inhibits both the p38 and JNK pathways by
dephosphorylating MAPKKs (MKK6 and SEKI1) and a
MAPK (p38) (Takekawa et al., 1998; Fjeld and Denu,
1999). Because the PP2Co gene is expressed constitu-
tively, and because PP2Ca is evenly localized both in the
cytoplasm and the nucleus, its major function may be to
maintain low MAPK activities in the absence of external
stimuli.

In this study, we initially observed that various stress
conditions led to increased expression of Wipl mRNA.
Our results also demonstrated that Wipl specifically
dephosphorylates and inactivates p38 MAPK, both
in vivo and in vitro. In addition, Wipl was found to form
a physical complex with p38 in vivo. Unlike PP2Cal, Wipl
is localized predominantly in the nucleus, and the expres-
sion of the WipI gene is highly inducible by DNA damage
and other environmental stresses. Another important
difference between Wipl and PP2Ca is that the Wipl
phosphatase has a much narrower substrate specificity than
PP2Ca. Wipl displays little activity toward MAPKKs
(MKK®6, SEK1 and MEK1) in vivo, or toward JNK and
ERK MAPKSs. Thus, Wip1 specifically inactivates the p38
MAPK pathway, while PP2Ca inhibits both the JNK and
p38 pathways. Our results provide the first evidence that
members of the human PP2C family enzymes differen-
tially regulate the stress responsive MAPK pathways.

Recent studies in the fission yeast (Schizosaccharo-
myces pombe) have revealed that, like the human Wipl, a
yeast PP2C, Ptcl, is induced by stress and its expression
depends on the stress-responsive Spcl MAPK, a homolog
of human p38 (Gaits et al., 1997). However, another
yeast PP2C, Ptc3, like human PP2Caq, is constitutively
expressed. Ptcl and Ptc3 directly dephosphorylate the
conserved Thr residue of Spcl, resulting in the attenuation
of Spcl activity. Interestingly, Nguyen and Shiozaki
(1999) showed that Pypl, the major tyrosine specific
phosphatase that dephosphorylates and inactivates Spcl, is
inhibited in heat-shocked cells, and, under such condi-
tions, Ptcl and Ptc3 are responsible for inactivation of
Spcl. Similar negative regulatory roles were proposed for
PP2C in the budding yeast stress-activated Hogl MAPK
cascade (Maeda et al., 1994; Wurgler-Murphy et al.,
1997). Given the high level of conservation of MAPK
pathways from yeast to mammals, these findings thus
suggest that human PP2C enzymes may also play a central
role in negative regulation of the p38 pathway, particularly
when other MAPK phosphatases are not available.

Genotoxic stress agents, such as UV radiation, activate
p53 as well as the p38 MAPK pathway (Kyriakis and
Avruch, 1996; Giaccia and Kastan, 1998). Recent studies
have shown that p38 plays a prominent role in UV-induced
activation of p53 through its phosphorylation at Ser33 and
Ser46. In this report, we demonstrate that WipI expression
attenuates UV-induced phosphorylation of p53 on Ser33
and Ser46. However, purified GST-Wipl was unable to
dephosphorylate these residues in vitro, suggesting that
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Wipl only indirectly effects dephosphorylation of p53 on
Ser33 and Ser46. It is thus likely that Wip1 attenuates p53
phosphorylation at these sites through inhibition of p38.

While phosphorylation of p53 on Ser33 is inhibited by
either SB203580 treatment or the Wipl expression, our
data revealed that Ser46 is inhibited only by Wipl
expression but not by the p38 inhibitor (Figure 7B and
E). This apparent discrepancy may be due to the distinct
sensitivities of p38 isoforms (p38a., -B, -y and -9) to the
p38 inhibitor. Individual p38 isoforms have distinct
substrate specificities and sensitivities to SB203580:
p38a and -B are inhibited by SB203580, while p38y and
-8 are insensitive to the drug (Goedert et al., 1997). Thus, it
is possible that p5S3 Ser46 is mainly phosphorylated by
SB253080-insensitive p38 isoforms, although we cannot
exclude the possibility that Ser46 is phosphorylated by
another, hitherto unidentified kinase.

Another residue, Ser389 of murine p53 (equivalent to
Ser392 in human), has also been described recently as a
site for p38 phosphorylation (Huang et al., 1999; Keller
et al., 1999). However, whether Ser392 is phosphorylated
by p38 remains controversial. Bulavin et al., (1999)
reported that Ser392 of human p53 is not phosphorylated
by p38 in vitro. In addition, we observed that Wip1 did not
significantly reduce phosphorylation of Ser392 in vivo
(Figure 7B). Moreover, this site is not adjacent to a proline
residue, representing an unlikely candidate for direct
phosphorylation by proline-directed kinases such as p38.
Thus, our data suggest that a p38-independent mechan-
ism(s) may participate in the UV-induced phosphorylation
of Ser392, at least in human cells.

Because Wip! expression is induced in response to UV
radiation by a process that requires both p38 and p53, our
data indicate that Wipl may mediate a negative feedback
regulation of the p38-p53 signaling pathway. Thus, Wipl
may play an important role in negative regulation of DNA
damage-induced apoptosis, in which both p38 and p53
have been shown to be involved (Levine, 1997; Kang et al.,
2000; Sanchez-Prieto et al., 2000), through preventing
both prolonged activation of p38 MAPK and hyperactiva-
tion of p53. Consistent with this model, we also showed
that expression of Wipl inhibits p53-mediated transcrip-
tion and apoptosis in response to UV radiation. Eukaryotic
cells respond to DNA damage by inducing temporary cell
cycle arrest and DNA repair if the level of damage is such
that it can be corrected without inflicting too many
mutations. If, however, damage is too extensive, cells will
undergo apoptotic cell death, which might be induced by
prolonged activation of p38 and p53. Thus, the Wipl
phosphatase may play a critical role in making a fateful
choice between cell survival and apoptotic cell death, by
down-modulating the activities of p38 and p53.

Materials and methods

Media and buffers
Lysis buffer, phosphatase buffer, kinase buffer and immunoprecipitation
(IP) buffer have been described previously (Takekawa et al., 1998).

Plasmids

The human Wipl coding region was amplified by PCR using human
placenta ¢cDNA (Clontech) as a template, and subcloned into the
mammalian expression plasmid pcDNA3 (Invitrogen) to generate
pWipl. The phosphatase-deficient mutant Wip1(D/A) was generated by



replacing the Asp314 with an Ala codon using a PCR mutagenesis
method (Takekawa et al., 1998). A PCR-based procedure was used to
attach a Flag-tag sequence to the N-terminus of the Wip/ ORFs to
generate pFlag-Wipl or pFlag-Wipl(D/A), respectively. GFP fusion
constructs were made using the pEGFP-C3 vector (Clontech).
Mammalian expression plasmids pMT3-HA-p38, pSRa-HA-JNKI,
pSRo-HA-ERK2, pCMV-Flag-p38, pEBG-p38, pEBG-MKK6, pEBG-
SEK1, pEBG-MEK 1 and pSRo.-MKK6PP are described (Takekawa et al.,
1998). The reporter plasmid pGL3-p5S3RE was provided by S.Ishida and
T.Tokino (Sapporo Medical University). pC53-SN3 expressing wild-type
human p53 was provided by B.Vogelstein (Johns Hopkins University).

Northern blot analysis

Cells were exposed to various stresses as follows: y-ray (20 Gly); UV-C
(30 J/m?); MMS (100 pg/ml); anisomycin (10 pg/ml); H,O, (0.5 mM)
and sorbitol (0.3 M). Total RNA was then prepared using Trizol (Gibco-
BRL). Twenty micrograms/lane of total RNA was fractionated by
denaturing agarose gel electrophoresis, and transferred onto a nylon
membrane. The blot was hybridized to a probe specific to Wipl as
described (Takekawa and Saito, 1998).

Expression and purification of GST fusion proteins
GST-fusion proteins were constructed using the pGEX-4T plasmid
(Pharmacia). GST-ATF2, GST—c-jun and GST-Wip1 were expressed in
Escherichia coli DHS and purified using glutathione—Sepharose beads as
described (Takekawa et al., 1997).

Tissue culture and transient transfection

Cells were transfected using the Effectene Transfection Reagent (Qiagen)
as recommended by the manufacturer. Total amount of plasmid DNA was
adjusted to 0.4 ug/plate with vector DNA (pcDNA3). The cells were
harvested 30 h after transfection and, where indicated, the cells were
treated with UV-C (60 J/m? followed by a 1 h incubation at 37°C), MMS
(100 pg/ml for 3 h), anisomycin (10 pg/ml for 30 min), sorbitol (0.4 M for
20 min) or PMA (100 nM for 20 min).

Immunoblotting

Either a 30 ug (for epitope-tagged MAPKs) or a 100 pg (for
phosphorylated p53) aliquot of whole-cell lysates or appropriate amounts
of glutathione—Sepharose affinity-purified proteins were resolved by
SDS-PAGE and transferred onto nitrocellulose membranes. After
blocking with 4% skimmed milk, membranes were probed with
appropriate antibodies and visualized using enhanced chemiluminescence
detection (Amersham). The following antibodies were used: an anti-HA
monoclonal antibody (mAb) 12CAS5 (Boehringer Mannheim); an anti-
Flag mAb M2 (Sigma); rabbit polyclonal antisera specific to phosphoryl-
ated MKK6, SEK 1, MEK1 and p38, respectively (New England Biolabs);
rabbit polyclonal antibodies to MAPKAP-K2 (Sigma); goat anti-GST
antibody (Pharmacia); and an anti-p53 mAb DO-1 (Santa Cruz
Biotechnology).

Immunocomplex protein kinase assay

To assess the kinase activity of epitope-tagged MAPKs, transfected cells
were lysed in lysis buffer containing 0.5% deoxycholate. Cell lysates
were incubated with the appropriate antibody for 2 h at 4°C.
Immunocomplexes were recovered with the aid of Protein G—Sepharose
beads, washed twice with lysis buffer, once in 100 mM Tris—HCI1 pH 7.5,
0.5 M LiCl, and twice with kinase buffer. Immunoprecipitates were
resuspended in 30 pl of the kinase buffer containing 3 ug of specific
substrate (GST-ATF2 for p38, GST—jun for INK1 or MBP for ERK?2).
The kinase reaction was initiated by addition of 10 uCi of [y-?P]JATP and
50 uM cold ATP, as described (Takekawa et al., 1997). After 20 min
incubation at 30°C, reactions were terminated by adding SDS loading
buffer. The endogenous MAPKAP-kinase2 activity was monitored by an
in vitro kinase assay as described (Iordanov et al., 1997) using purified
Hsp25 (Sigma) as a substrate.

In vitro phosphatase reactions

To prepare phosphorylated epitope-tagged MAPKs, COS-7 cells were
transfected with plasmid DNA encoding either HA-MAPK (pMT3-HA-
p38, pSRa-HA-INKI, pSRo-HA-ERK2) or GST-p38 (pEBG-p38).
After stimulating the cells with UV radiation (60 J/m2), the activated
and phosphorylated MAPKs were purified and used in in vitro
phosphatase reactions as described (Takekawa et al., 1998). Briefly,
phosphorylated HA-MAPKs were immunoprecipitated, and resuspended
in 50 pl of phosphatase buffer supplemented with 1 mg/ml bovine serum
albumin (BSA) with or without 30 mM MgCl,. Following addition of
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purified GST-Wip1, reaction mixtures were incubated at 30°C for 15 min,
washed and resuspended in 30 pl of the kinase buffer. The remaining
HA-MAPK activities were assayed by in vitro kinase reactions.
Phosphorylated GST-p38 was immobilized on glutathione—Sepharose.
After treatment with Wipl in phosphatase buffer as described above,
samples were washed with lysis buffer and resolved by SDS-PAGE. The
phosphorylation status of p38 was monitored by immunoblotting with
anti-dual phospho-p38 and an anti-phosphotyrosine antibody 4G10
(Transduction Laboratories).

Co-immunoprecipitation assay

Cell lysates were prepared in IP buffer containing 0.5% NP-40. Cell
extracts (600 pg) were incubated with 3 pg of anti-Flag mAb M2 for 6 h at
4°C, mixed with 35 pl of Protein G-Sepharose suspension, and incubated
for an additional hour. Inmunoprecipitates were washed six times with IP
buffer plus 0.1% NP-40, and subjected to SDS-PAGE. Immunoblot
analysis was performed with the anti-HA mAb 12CAS.

Luciferase assay

Cells were transfected with a pCMV-B-galactoside reporter plasmid
(0.07 ng) and a luciferase reporter plasmid (0.1 pg) driven by three copies
of the pS3RE motif (Tokino et al., 1994), together with 0.3 pg of the
various expression plasmids as indicated using the Effectene Transfection
Reagent. Following transfection the cells were incubated for 6 h,
following which the medium was exchanged. Eighteen hours afterwards
the cells were exposed to UV (25 J/m?) for p53 induction, and harvested
7 h after radiation for luciferase and B-galactosidase assays as described
(Keller et al., 1999). Luciferase activity was measured using a
luminometer (Mini Lumat LB9506) and normalized to B-galactosidase
activity.

Immunofluorescence analysis

Cells growing on glass coverslips were transfected as described above.
Twenty-four hours after transfection, cells were treated with UV radiation
(60 J/m?), and then fixed with 3% paraformaldehyde/phosphate-buffered
saline (PBS) for 10 min. Cells were permeabilized with 0.1% Triton
X-100 for 5 min, and incubated in blocking solution (BlockAce; Nippon
Gene) at 4°C for 2 h. Cells were then incubated with 2.5 pg/ml of anti-
Flag mAb M2 and the anti-phospho-specific p38 antisera for 1 h in PBS
containing 3% BSA, washed and incubated with Alexa Fluor 594-
conjugated goat anti-mouse IgG (Molecular Probes) and FluoroLink Cy2-
linked goat anti-rabbit IgG (Amersham) for an additional 45 min. To
assess apoptotic cell death, transfected AS549 cells were fixed,
permeabilized and their nuclei stained with DAPI (0.025 pg/ml in PBS)
as described (Takekawa and Saito, 1998).
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